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ABSTRACT
ALMA 870µm continuum imaging has uncovered a population of blends of multiple dusty star-
forming galaxies (DSFGs) in sources originally detected with the Herschel Space Observatory. However,
their pairwise separations are much smaller that what is found by ALMA follow-up of other single-dish
surveys or expected from theoretical simulations. Using ALMA and VLA, we have targeted three
of these systems to confirm whether the multiple 870µm continuum sources lie at the same redshift,
successfully detecting 12CO(J = 3–2) and 12CO(J = 1–0) lines and being able to confirm that in the
three cases all the multiple DSFGs are likely physically associated within the same structure. Therefore,
we report the discovery of two new gas-rich dusty protocluster cores (HELAISS02, z = 2.171± 0.004;
HXMM20, z = 2.602 ± 0.002). The third target is located in the well known COSMOS overdensity
at z = 2.51 (named CL J1001+0220 in the literature), for which we do not find any new secure
CO(1-0) detection, although some of its members show only tentative detections and require further
confirmation. From the gas, dust, and stellar properties of the two new protocluster cores, we find
very large molecular gas fractions yet low stellar masses, pushing the sources above the main sequence,
while not enhancing their star formation efficiency. We suggest that the sources might be newly formed
galaxies migrating to the main sequence. The properties of the three systems compared to each other
and to field galaxies may suggest a different evolutionary stage between systems.
Keywords: galaxies: clusters: general — galaxies: evolution — galaxies: formation — galaxies: high-
redshift — galaxies: interactions — galaxies: ISM — galaxies: starburst — galaxies: struc-
ture — infrared: galaxies — radio lines: galaxies — submillimeter: galaxies
Corresponding author: C. Go´mez-Guijarro
carlos.gomez@nbi.ku.dk
1. INTRODUCTION
Galaxies luminous in the far-IR (FIR) and submil-
limeter (submm) wavelengths comprise the most intense
starbursts in the universe, known as dusty star-forming
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galaxies (DSFGs; see Casey et al. 2014, for a review).
With a redshift distribution that peaks at z ∼ 2–3 (e.g.,
Chapman et al. 2005), they constitute an important
component of the overall galaxy population at z ∼ 2
(e.g., Magnelli et al. 2011). DSFGs are promising candi-
dates to trace galaxy clusters in formation in formation,
the so-called protoclusters (see Overzier 2016). DSFGs
have also been proposed as progenitors of the most mas-
sive elliptical galaxies in the local universe (e.g., Cimatti
et al. 2008; Ricciardelli et al. 2010; Fu et al. 2013; Ivi-
son et al. 2013; Toft et al. 2014; Go´mez-Guijarro et al.
2018).
At z & 4 overdensities of galaxies with associated DS-
FGs have been discovered: GN20 (e.g., Daddi et al.
2009), HDF850.1 (e.g., Walter et al. 2012), AzTEC-3
(e.g., Riechers et al. 2010; Capak et al. 2011; Riech-
ers et al. 2014), CRLE and HZ10 (e.g., Capak et al.
2015; Pavesi et al. 2016, 2018a), DRC (e.g., Oteo et al.
2018), SPT2349-56 (e.g., Miller et al. 2018). At 2 .
z . 3 several confirmed protoclusters containing dozens
of galaxies are known to be DSFGs-rich: GOODS-N
z = 1.99 protocluster (e.g., Blain et al. 2004; Chapman
et al. 2009), CL J1449+0856 (e.g., Gobat et al. 2011;
Valentino et al. 2015, 2016; Coogan et al. 2018), COS-
MOS z = 2.10 protocluster (e.g., Spitler et al. 2012;
Yuan et al. 2014), MRC1138-256 (e.g., Kurk et al. 2000;
Dannerbauer et al. 2014), COSMOS z = 2.51 protoclus-
ter (e.g., Bertoldi et al. 2007; Aravena et al. 2010; Casey
et al. 2015; Wang et al. 2016; Cucciati et al. 2018; Wang
et al. 2018), SSA22 (e.g., Steidel et al. 1998; Umehata
et al. 2015) (see also Casey 2016).
Large angular scale clusters and cluster candidates
have been found by the Herschel Space Observatory and
Planck satellite (e.g., Clements et al. 2014, 2016; Planck
Collaboration et al. 2016; Greenslade et al. 2018; Marti-
nache et al. 2018). In particular, Herschel has scanned
wide fields at FIR and submm wavelengths with the
Spectral and Photometric Imaging Receiver (SPIRE;
Griffin et al. 2010) at 250, 350, and 500µm (e.g., Eales
et al. 2010; Oliver et al. 2012). The nature of the Her-
schel/SPIRE wide beam detections is diverse. Among
them, gravitationally-lensed (e.g., Negrello et al. 2010;
Bussmann et al. 2012; Wardlow et al. 2013; Bussmann
et al. 2013; Can˜ameras et al. 2015) and z > 4 DSFGs
(e.g., Riechers et al. 2013; Dowell et al. 2014; Donevski
et al. 2018) have been identified in large numbers, with
follow-up high spatial resolution observations proven to
be very important to uncover their nature. Recently,
Herschel/SPIRE detections have also found to be blends
of multiple DSFGs that could constitute protoclusters
(e.g., Bussmann et al. 2015) (see also Silva et al. 2015).
Bussmann et al. (2015) presented ALMA 870µm ob-
servations of 29 bright Herschel/SPIRE DSFGs from the
HerMES survey (Oliver et al. 2012). The ALMA imag-
ing surprisingly showed that 20/29 objects comprise
multiple DSFGs located within a few arcseconds of each
other. Such a high fraction with small pairwise physical
separations are almost completely unexpected from both
a theoretical perspective (Hayward et al. 2013; Cowley
et al. 2015; Mun˜oz Arancibia et al. 2015; Hayward et al.
2018) as well as previous high spatial resolution follow-
up of the LArge APEX BOlometer CAmera (LABOCA)
and the Submillimetre Common-User Bolometer Array
(SCUBA) single-dish observations (Hodge et al. 2013;
Wardlow et al. 2018), suggesting that a portion of the
ALMA 870µm counterparts are due to line-of-sight pro-
jection effects and are not physically related. In order to
investigate whether they are physically associated or not
it is necessary to have spectroscopic data with sufficient
spatial resolution to distinguish the ALMA counterparts
from each other.
In this work we present follow-up CO line observations
of three Herschel candidate protoclusters from Buss-
mann et al. (2015) aiming to confirm whether the multi-
ple ALMA 870µm continuum sources are located at the
same redshift or are line-of-sight projections. Note that
we will refer to these associations of multiple DSFGs
within a few arcseconds of each other as protocluster
cores. It is known that the small field of view (FOV) of
the ALMA observations is only able to detect the dens-
est peaks of protocluster structures. Confirmation of a
larger structure of members located at a similar redshift
studying whether the structures will evolve into a cluster
at z = 0 is required to properly establish the protoclus-
ter nature of the candidates, which is beyond the scope
of this work (e.g., Chiang et al. 2013; Muldrew et al.
2015; Chiang et al. 2017).
The layout of the paper is as follows. We introduce the
sample and data in Section 2. In Section 3 we present
the analysis of the observations. Gas, dust and stellar
properties of the targets are explored in Section 4. We
discuss the results, comparing with field galaxies and
protoclusters in Section 5. Summary of the main find-
ings and conclusions are in Section 6.
Throughout this work we adopted a concordance cos-
mology [ΩΛ,ΩM , h] = [0.7, 0.3, 0.7] and Chabrier initial
mass function (IMF) (Chabrier 2003).
2. SAMPLE AND DATA
2.1. Herschel Candidate Protoclusters
We followed up the three sources in the original Her-
schel -ALMA sample from Bussmann et al. (2015) with
the highest multiplicity rate. Each target has at least
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Figure 1. Overview of the sample. Top row: HELAISS02 and HXMM20 30′′×30′′HST/WFC3 F160W and Spitzer/IRAC
3.6µm images. Bottom row: HCOSMOS02 120′′×120′′and 30′′×30′′zoom-in of the central region HST/WFC3 F160W and
Spitzer/IRAC 3.6µm images. ALMA 870µm contours are overlaid in red (starting at ±3σ and growing in steps of ±1σ, where
positive contours are solid and negative contours dotted). CO(1-0) detections presented in Section 3 are encircled and labeled
in white.
four ALMA 870µm counterparts (see Figure 1 for an
overview of the sample). Briefly, the original sample of
29 Herschel/SPIRE DSFGs in Bussmann et al. (2015)
was selected to be the brightest set of targets in the
ALMA-accessible portion of HerMES (Oliver et al. 2012)
available at the time of the Cycle 0 deadline. The inten-
tion was to assemble the largest sample of lenses possi-
ble, but a comparison of optical imaging with the ALMA
imaging surprisingly showed that most of the objects in
this subset comprise multiple DSFGs located within a
few arcseconds of each other.
The targets HELAISS02 and HXMM20 are new pro-
toclusters candidates. HCOSMOS02 was originally re-
ported in the literature as COSBO-3 by Bertoldi et al.
(2007) and shown to be an overdense region with a pho-
tometric redshift z ∼ 2.2–2.4 in Aravena et al. (2010)
(see also Smolcˇic´ et al. 2012). Several works have been
recently focused on this source. Casey et al. (2015)
spectroscopically confirmed some galaxies in HCOS-
MOS02 using Keck/MOSFIRE. Wang et al. (2016)
(source named CL J1001+0220) reported that there
is evidence of virialization and define it as a cluster
(see also Daddi et al. 2017; Wang et al. 2018). It also
appears to be related with a larger structure composed
of several density peaks spanning 2.42 < z < 2.51
(Diener et al. 2013, 2015; Chiang et al. 2015; Casey
et al. 2015; Lee et al. 2016; Cucciati et al. 2018). We
carried out a redshift search for 12CO(J = 3–2) for
HELAISS02 and HXMM20 and 12CO(J = 1–0) for
HXMM20 using prior photometric information that
placed our targets at 1.5 < z < 3.5 with high certainty.
In the case of HCOSMOS02, the redshift was established
from our Combined Array for Research in Millimeter-
wave Astronomy (CARMA) 3 mm observations target-
ing 12CO(J = 3–2) (see Section 2.4), independently
from the Keck/MOSFIRE Hα detections in Casey et al.
(2015) and the NOrthern Extended Millimeter Array
(NOEMA) 12CO(J = 5–4) confirmed with NSF’s Karl
G. Jansky Very Large Array (VLA) 12CO(J = 1–0) ob-
servations in Wang et al. (2016). Knowing the redshift
of HCOSMOS02, we performed 12CO(J = 1–0) and
12CO(J = 4–3) observations.
2.2. ALMA Observations
We carried out a spectral scan of the 3 mm band with
ALMA band 3 during Cycle 3 (program 2015.1.00752.S;
PI: R. S. Bussmann) targeting 12CO(J = 3–2) transi-
tion line (νrest = 345.79599 GHz) for HELAISS02 and
HXMM20.
Observations of HELAISS02 were executed between
2016 May 27 and June 17 with 46 usable 12-m antennae.
The shortest and longest baselines were 12 m and 741 m,
respectively. The resulting on-source spectral scan inte-
gration time was 25.5 min. The correlator was set up in
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five different tunings every one containing four spectral
windows of 1.875 GHz each at 31.25 MHz (94.95 km s−1
at 98.664 GHz) resolution in dual polarization, covering
the frequency range 84–113.2 GHz. The radio quasar
J2357-5311 was observed as bandpass and secondary
flux calibrator and the radio quasar J0030-4224 as am-
plitude and phase calibrator. Pallas was set to the pri-
mary flux calibrator, but it was not observed in the first
tuning, so we substituted it for our secondary flux cal-
ibrator J2357-5311 in all tunings to be consistent. The
flux calibration using J2357-5311 is 15% lower than us-
ing Pallas.
HXMM20 observations were taken on 2016 June 12
with 38 usable 12-m antennae. The shortest and longest
baselines were 13 m and 704 m, respectively. The on-
source spectral scan integration time was 11.6 min.
The correlator configuration was identical to that
of HELAISS02. The radio quasars J0006-0623 and
J0238+1636 were observed as bandpass and flux cali-
brators, the first object for the first tuning and the sec-
ond object for the rest of the tunings. The radio quasar
J0209-0438 was observed for amplitude and phase cal-
ibration of all the tunings. Pallas was also part of
the observations, but the QA assessed a discrepancy of
30% between the model and the calibrator catalogue;
therefore, it was rejected as flux calibrator.
The Common Astronomy Software Applications
(CASA; McMullin et al. 2007, version 4.6.0 for HELAISS02
and version 4.5.6 for HXMM20) packages were em-
ployed for data reduction and analysis. HELAISS02
and HXMM20 data were mapped using the CLEAN al-
gorithm with natural weighting to get the best point
source sensitivity. We used custom masks enclosing the
emitting regions in each channel, cleaning down to a 2σ
threshold. For HELAISS02, the resulting synthesized
beam size is 1.′′36×1.′′14 and the primary beam half
power beam width (HPBW) 53.′′4 at 108.9655 GHz. For
HXMM20, the synthesized beam size is 1.′′50×1.′′27 and
the primary beam HPBW 60.′′6 at 96.11968 GHz. The
rms noise per 94.95 km s−1 channel at 108.96550 GHz
is ∼ 0.38 mJy beam−1 for HELAISS02 and ∼ 0.54 mJy
beam−1 per 94.95 km s−1 channel at 96.11968 GHz for
HXMM20, measured at the phase center.
Line free channels were combined to measure the con-
tinuum at ∼ 3 mm (see Table 1 and Figure 2), resulting
in a rms noise of ∼ 13µJy beam−1 for HELAISS02 and
∼ 22µJy beam−1 for HXMM20, at the phase center.
Continuum subtraction is not needed since the contin-
uum level is negligible at the rms noise of the line chan-
nels.
2.3. VLA Observations
A spectral scan was also carried out with VLA, Ka
and Q bands during Cycle 15 semester B (program 15B-
065; PI: R. S. Bussmann). We targeted 12CO(J = 1–0)
transition line (νrest = 115.27120 GHz) for HXMM20
and HCOSMOS02.
Observations of HXMM20 were taken between 2015
Oct 22 and Nov 14 in D array configuration (shortest
baseline 31 m, longest baseline 997 m). Total on-source
spectral scan integration time was 6.7 h. We configured
three correlator tunings covering Ka and Q band fre-
quencies, each one containing four basebands of 2 GHz
using the 3-bit sampler that provides 2 MHz channels
in dual polarization, covering the frequency range 26.5–
48 GHz. The radio quasars 3C 147 and J0215-0222 acted
as flux/bandpass and amplitude/phase calibrators, re-
spectively.
HCOSMOS02 was observed between 2015 Oct 24 and
Nov 6 in D array configuration (shortest baseline 34 m,
longest baseline 922 m). Given the known redshift of this
source from our CARMA observations targeting CO(3-
2) (see Section 2.4) and independently found by Wang
et al. (2016) from CO(1-0), we selected Ka band with
the correlator set up covering the frequency range 31.5–
33.5 GHz using the 3-bit sampler providing 2 MHz chan-
nels in dual polarization. The radio quasars 3C 147
and J1018+0530 were used as flux/bandpass and ampli-
tude/phase calibrators, respectively. Additional data is
available for HCOSMOS02 from two archival programs
(program 15B-210; PI: C. Casey, and program 15B-290;
PI: T. Wang. For an upcoming independent analysis of
the archival data, see J. Champagne et al., in prep.) We
concatenated all three programs, for a total on-source
integration time of 33.3 h. Together the programs cover
the frequency range 31.5–34.2 GHz, but overlap just at
32.2–33.4 GHz.
CASA (version 4.5.0) was employed for reduction and
analysis. We imaged HXMM20 using a robust = 0.5
Briggs weighting scheme (Briggs 1995) as it gave the
best compromise between the spatial resolution required
to deblend the different ALMA counterparts and the
sensitivity to detect them. For HCOSMOS02 we used
a natural weighting scheme to achieve the best point
source sensitivity possible. For HXMM20, the result-
ing synthesized beam size is 2.′′37×1.′′92 and the primary
beam HPBW 84.′′3 at 32.04105 GHz. For HCOSMOS02,
the synthesized beam size is 2.′′88×2.′′49 and the primary
beam HPBW 82.′′1 at 32.86889 GHz. The rms noise
in a 50 km s−1 channel at 32.04105 GHz is ∼ 0.12 mJy
beam−1 for HXMM20 and ∼ 31µJy beam−1 in a 50 km
s−1 channel at 32.86889 GHz for HCOSMOS02, mea-
sured at the phase center.
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Table 1. Continuum Measurements
Name S870µm
a S3mm S32GHz
[mJy beam−1] [µJy beam−1] [µJy beam−1]
HELAISS02
S0 9.22 ± 0.17 104 ± 13 · · ·
S1 4.34 ± 0.16 51 ± 12 · · ·
S2 4.16 ± 0.32 42 ± 11 · · ·
S3 2.40 ± 0.19 43 ± 12 · · ·
HXMM20
S0 7.15 ± 0.44 130 ± 22 21.1 ± 3.5
S1 3.52 ± 0.41 65 ± 22 · · ·
S2 3.42 ± 0.26 · · · · · ·
S3 2.46 ± 0.47 · · · · · ·
S4 0.94 ± 0.18 · · · · · ·
HCOSMOS02
S0 5.26 ± 0.26 · · · 6.4 ± 1.9
S1 3.77 ± 0.32 · · · · · ·
S2 1.69 ± 0.25 · · · 8.9 ± 1.9
S3 1.66 ± 0.21 · · · · · ·
S4 2.23 ± 0.41 · · · 6.0 ± 1.9
aFrom Bussmann et al. (2015).
Line free channels were combined to search for con-
tinuum emission at ∼ 32 GHz (see Table 1 and Fig-
ure 2), resulting in a rms noise of ∼ 3.5µJy beam−1 for
HXMM20 and ∼ 1.9µJy beam−1 for HCOSMOS02, at
the phase center. Continuum subtraction is not needed
since the continuum level is negligible at the rms noise
of the line channels.
2.4. CARMA and NOEMA Observations
A spectral scan was carried out with CARMA dur-
ing 2011 (projects cx322 and c0673; PI: D. A. Riechers)
targeting 12CO(J = 3–2) for HCOSMOS02, since the
redshift of this source was unknown at that time. Once
the redshift was secured, we targeted 12CO(J = 4–3)
transition line (νrest = 461.04077 GHz) with NOEMA,
formerly known as the Plateau de Bure Interferometer
(PdBI), for HCOSMOS02 (project W0AB; PI: D. A.
Riechers).
CARMA observations were executed in seven tracks
in E configuration between 2011 January 23 and Febru-
ary 10, plus one track in D configuration in 2011 May
25, using 10–15 antennas. Four regular tunings were
set up covering 85.48–111.48GHz at 5.208 MHz resolu-
tion for the E configuration tracks and one custom tun-
ing, within the frequency range of the four regular tun-
ings, for the D configuration track. The resulting on-
source spectral scan integration time was 11.9 h. The
radio quasars J0927+390 and 3C273 were observed as
bandpass calibrators and the radio quasar J1058+015
as phase calibrator. The radio quasars 3C84 and 3C273
were the flux calibrators. We employed MIRIAD for re-
duction and imaging. The resulting synthesized beam
size at 100 GHz is 4.′′47×2.′′80 (primary beam HPBW
60.′′6).
NOEMA observations were carried out in two tracks in
D configuration observed on 2013 April 10 and 13 using 6
antennas. The tuning frequency was set at 131.139 GHz.
We employed GILDAS for reduction and imaging. The
resulting synthesized beam size at the tuning frequency
is 3.′′10×1.′′77 (primary beam HPBW 38.′′4).
3. CONFIRMATION OF PROTOCLUSTER CORES
3.1. HELAISS02
Our ALMA spectral scan targeting CO(3-2) for
HELAISS02 successfully detected significant emission
in all four ALMA 870µm counterparts presented in
Bussmann et al. (2015). Therefore, we confirmed that
they are located at the same redshift at a median value
z = 2.171± 0.004.
We computed the moment-0 maps for each source,
which represent the total intensity integrated over the
velocity axis (see Figure 3). The velocity channels se-
lected for integration were the line channels that max-
imize the signal-to-noise ratio (S/N). In Figure 4 we
present the spectra extracted at the pixel located at the
peak of the 870µm continuum emission. S0, S2 and
S3 detections are secure, while S1 appears tentatively
detected at S/N < 3 with its spectrum showing a sym-
metric negative peak in adjacent channels to the line due
to potential sidelobe residuals. We measured centroids,
widths and peak fluxes using the CASA task specfit
fitting a single Gaussian component. The results are
presented in Table 2. In order to calculate the inte-
grated line fluxes we performed a 2D Gaussian fit per
source and per velocity channel in the spectral cube us-
ing the CASA task imfit. For each source we selected
the channels used to create their respective moment-0
maps as those to be fitted. No significant emission was
detected in the residuals beyond a point source fit; thus,
we fixed the Gaussian width and position angle to those
of the clean beam and the position to the 870µm peak.
The uncertainties in imfit are known to be too small
when using fixed parameters, so the quoted uncertain-
ties in Table 2 are the 1σ noise from the moment-0 maps
instead. In addition, we calculated the line luminosity
expressed in terms of the surface integrated brightness
temperature (L
′
CO; Solomon et al. 1992).
3 mm continuum emission was detected at S/N > 3
for all four ALMA counterparts as well (see Figure 2).
Measurements were also extracted at the pixel located
at the peak of the 870µm continuum emission (see Ta-
ble 1).
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Figure 2. From left to right: HELAISS02 3 mm continuum, HXMM20 3 mm, 32 GHz and HCOSMOS02 32 GHz continuum
emission on top of the 870µm continuum image. Contours start at ±3σ and grow in steps of ±1σ (HELAISS02 3 mm σ = 13µJy
beam−1; HXMM20 3 mm σ = 22µJy beam−1; HXMM20 32 GHz σ = 3.5µJy beam−1; HCOSMOS02 32 GHz σ = 1.9µJy
beam−1). Positive contours are solid and negative contours dotted.
Table 2. HELAISS02 CO(3-2) Line Measurements
Name a α(J2000) b δ(J2000) b v0,CO(3−2)
c dvCO(3−2) SCO(3−2) ICO(3−2) S/NCO(3−2) logL
′
CO(3−2)
[h:m:s] [◦:′:′′] [km s−1] [km s−1] [mJy beam−1] [Jy km s−1] [K km s−1 pc−2]
HELAISS02 00 38 23.59 −43 37 04.15 2.171 ± 0.004
S0 00 38 23.76 −43 37 06.10 236 ± 25 931 ± 58 2.93 ± 0.24 3.13 ± 0.30 11.8 10.90 ± 0.04
S1* 00 38 23.48 −43 37 05.56 −630 ± 100 910 ± 230 0.54 ± 0.14 0.53 ± 0.21 2.79* 10.13 ± 0.17
S2 00 38 23.31 −43 36 58.97 −236 ± 33 575 ± 78 1.70 ± 0.27 0.91 ± 0.16 7.38 10.36 ± 0.08
S3 00 38 23.80 −43 37 10.46 281 ± 66 610 ± 160 0.83 ± 0.19 0.51 ± 0.19 3.48 10.11 ± 0.16
Total 5.08 ± 0.44 11.11 ± 0.04
aSource names correspond to those originally reported in Bussmann et al. (2015).
b Coordinates correspond to those of the ALMA 870µm continuum sources as originally reported in Bussmann et al. (2015).
c Velocity offset is centered at the median redshift of the four sources.
∗Tentative detection.
3.2. HXMM20
The ALMA and VLA spectral scans targeted CO(3-
2) and CO(1-0) for HXMM20, respectively. We detected
significant emission in all the five ALMA 870µm coun-
terparts in Bussmann et al. (2015). Therefore, we also
confirmed that they are located at the same redshift at
a median value z = 2.602± 0.002.
The moment-0 maps in Figure 3 show secure detec-
tions of S1 and a blend of S0, S2 and S3. S4 is se-
curely detected in the ALMA CO(3-2) observations, al-
though it is only tentatively detected at S/N < 3 in
the VLA CO(1-0) observations. In Figure 4 we present
the spectra extracted at the pixel located at the peak
of the 870µm continuum emission. We collect the line
measurements in Table 3, obtained following the same
method as in HELAISS02. For HXMM20-S4 we fixed
the centroid and width of CO(1-0) line to that of the
CO(3-2), since due to the low S/N part of the emis-
sion was not properly accounted in a regular Gaussian
fit with free parameters. In the case of HXMM20 the
2D Gaussian fit to calculate the integrated line fluxes
is particularly important to properly deblend the emis-
sion of S0, S2 and S3, since it operates on each channel
taking advantage of the variation of the spatial location
of the emission that moves across the different sources
in velocity space. For consistency, we checked that the
recovered fluxes in these blended sources are consistent
with that measured in a moment-0 map created by col-
lapsing over the line channels of the three sources in an
aperture enclosing all of them. Therefore, we are not
double-counting flux in the blended sources. No signifi-
cant emission was detected in the residuals beyond the
point source fit.
We measured the line brightness temperature ratio
r31 = L
′
CO(3−2)/L
′
CO(1−0), resulting in high values as ob-
served in starburst galaxies such as submillimeter galax-
ies (SMGs; e.g., Bothwell et al. 2013). In the case of S1
is also consistent with thermalized level populations (see
Table 3).
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3 mm and 32 GHz continuum emission was detected
for S0 and 3 mm for S3 (see Figure 2). Measurements
were also extracted at the pixel located at the peak of
the 870µm continuum emission (see Table 1).
3.3. HCOSMOS02
The combined VLA programs for HCOSMOS02 (see
Section 21) targeted CO(1-0) at the redshift of the
source (z = 2.506, found by Wang et al. 2016, and
in our CARMA 3 mm data). We analyzed the ALMA
870µm counterparts reported in Bussmann et al. (2015)
(namely HCOSMOS02-S0, S1, S2, S3, and S4).
We carried out a line blind search over the whole fre-
quency range covered by the combination of VLA pro-
grams in a FOV as large as the ALMA pipeline allows
by default. The sensitivity decays as we move away
from the phase center, following the primary beam re-
sponse, and the pipeline masked regions below 10% of
the phase center sensitivity. This corresponds to a FOV
1.6×HPBW = 132.′′0. The blind search was performed
on the final image cube using MF3D2 (Pavesi et al. 2018b).
This algorithm implements a Matched Filtering in 3D
line search, which is optimized for Gaussian line pro-
files and either spatially unresolved or slightly resolved
emission (see Pavesi et al. 2018b, for details). The pu-
rities analysis revealed that S/N > 5.8 is the threshold
above which the ratio of spurious negative detections
over positive detections is 0. At 5.0 < S/N < 5.8 we
found 12 negative detections and 14 positive detections.
We checked all the 5.0 < S/N < 5.8 sources. The line ex-
traction showed symmetric negative peaks, or just con-
sistent on spikes of two or three channels. Besides, they
did not show an optical/near-IR counterpart. There-
fore, we ended up discarding the sources in the range
5.0 < S/N < 5.8 since they were not reliable. We de-
tected eight sources at S/N > 5.8 (namely S0, S1, S2,
S4, S9, S11, S13, and S14).
Additionally, we analyzed the sources in Table 1 from
Wang et al. (2016) and in Table 1 from Wang et al.
(2018) that fall within our FOV, comprising all the
sources in the tables except for those with the IDs
128484, 129305, 129444, 132636, 132627 that fall out-
side our FOV and, thus, below 10% of the primary beam
sensitivity.
We show the moment-0 maps for each source in Fig-
ure 5 and their spectra in Figure 6. Measurements were
performed following the same method as in HELAISS02
and HXMM20. Spectra were extracted at the pixel peak
1 For an upcoming independent analysis of the archival data,
see J. Champagne et al., in prep.
2 Code available at https://github.com/pavesiriccardo/MF3D
of the 870µm continuum emission for Bussmann et al.
(2015) sources. In the case of the sources from the blind
search the spectra were extracted at the position of the
detection given by the code, which are consistent with
the coordinates in Wang et al. (2016) for the sources
that appear in this previous study. The spectra were
binned at 100 km s−1 for the sources with S/N < 3. All
measurements are collected in Table 4.
The moment-0 maps show that S0, S1 and S2 look
extended. However, checking the Spitzer/IRAC 3.6µm
(SPLASH; Capak et al., in prep.) image we found that
both S0 and S2 are associated with two IRAC coun-
terparts each. In the case of S1 there is no additional
IRAC counterpart at the northeast where the excess of
CO emission is located, but this excess can be well mod-
eled by an additional component covering a frequency
range that is narrower and blueshifted respect to S1.
The 2D Gaussian fit for S0, S1 and S2 was performed
using an extra component on each source centered at
the coordinates of the additional IRAC counterparts for
S0 (namely S6), S2 (namely S7), and northeast of S1
with no additional IRAC counterpart (we included its
flux contribution in S1). No significant emission was de-
tected beyond the point source fit with the extra com-
ponents. For consistency, we checked that the recov-
ered fluxes in these blended sources are consistent with
that measured in a moment-0 map created by collapsing
over the line channels of the blended sources in an aper-
ture enclosing all of them and, thus, we are not double-
counting flux (as done for HXMM20 in Section 3.2).
All the Bussmann et al. (2015) sources were securely
detected, except for S3, which was only tentatively de-
tected containing potential sidelobe residuals and a sym-
metric negative peak in the adjacent line channels. S3
is known for displaying prominent stellar, 870µm, and
1.4 GHz continumm emission, hosting a radio loud AGN
(Wang et al. 2016; Daddi et al. 2017). In the case of the
sources from Wang et al. (2016) and Wang et al. (2018)
we detected the same sources except for those with the
IDs 132044 and 131661, at which position we did not re-
trieve significant emission at S/N > 2. Note that we also
report S6, additional IRAC counterpart next to S0, and
also S8 and S12, both of which have IRAC counterparts,
but detected at S/N < 3 and also showing possible side-
lobe residuals, which we classify as tentative. The blind
search arose a tentative detection for an extra source
namely S13 and an extra secure source namely S14 part
of the structure encompassing a larger redshift range
(Diener et al. 2013, 2015; Chiang et al. 2015; Casey et al.
2015; Lee et al. 2016; Cucciati et al. 2018). Note that
the sources with IDs 132617 and 129444 in Wang et al.
(2016) and Wang et al. (2018) were not covered by our
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Table 3. HXMM20 CO(1-0) and CO(3-2) Line Measurements
Name a α(J2000) b δ(J2000) b v0,CO(1−0)
c v0,CO(3−2)
c dvCO(1−0) dvCO(3−2)
[h:m:s] [◦:′:′′] [km s−1] [km s−1] [km s−1] [km s−1]
HXMM20 02 19 42.78 −05 24 34.84 2.602 ± 0.002
S0 02 19 42.63 −05 24 37.11 22 ± 34 0 ± 42 688 ± 81 803 ± 98
S1 02 19 42.84 −05 24 35.11 −369 ± 27 −389 ± 13 278 ± 63 241 ± 30
S2 02 19 42.77 −05 24 36.48 1 ± 46 91 ± 24 490 ± 110 319 ± 56
S3 02 19 42.68 −05 24 36.82 −10 ± 25 96 ± 19 473 ± 58 484 ± 45
S4* 02 19 42.96 −05 24 32.22 −431 ± 99 −431 ± 99 590 ± 230 590 ± 230
Total
abbcc SCO(1−0) SCO(3−2) ICO(1−0) ICO(3−2) S/NCO(1−0) S/NCO(3−2) logL
′
CO(1−0) logL
′
CO(3−2) r31
[mJy beam−1] [mJy beam−1] [Jy km s−1] [Jy km s−1] [K km s−1 pc−2] [K km s−1 pc−2]
0.44 ± 0.04 2.38 ± 0.25 0.32 ± 0.05 2.00 ± 0.25 11.5 9.30 11.00 ± 0.07 10.84 ± 0.05 0.69 ± 0.14
0.42 ± 0.08 4.11 ± 0.45 0.12 ± 0.04 1.24 ± 0.17 6.15 6.74 10.57 ± 0.14 10.63 ± 0.06 1.15 ± 0.41
0.31 ± 0.06 2.15 ± 0.32 0.16 ± 0.05 0.83 ± 0.22 4.23 4.05 10.70 ± 0.14 10.46 ± 0.12 0.57 ± 0.24
0.49 ± 0.05 3.70 ± 0.30 0.25 ± 0.04 1.57 ± 0.21 9.04 8.86 10.89 ± 0.07 10.73 ± 0.06 0.70 ± 0.14
0.25 ± 0.07 0.88 ± 0.30 0.15 ± 0.05 0.55 ± 0.18 2.71* 3.12 10.67 ± 0.14 10.28 ± 0.14 0.41 ± 0.19
1.00 ± 0.10 6.19 ± 0.47 11.49 ± 0.04 11.08 ± 0.03 0.69 ± 0.09
aSource names correspond to those originally reported in Bussmann et al. (2015).
b Coordinates correspond to those of the ALMA 870µm continuum sources as originally reported in Bussmann et al. (2015).
c Velocity offset is centered at the median CO(3-2) redshift of the five sources.
∗Tentative CO(1-0) detection. Centroid and width were fixed to that of CO(3-2).
FOV that stops at 10% of the sensitivity at the phase
center.
All the tentative sources with S/N < 4 and affected
by potential sidelobe contamination need further obser-
vations to be securely confirmed.
Additionally, our CARMA program searched for
CO(3-2) and our NOEMA program targeted CO(4-3)
(see Section 2.4). S0 and S2 are detected in CO(3-2)
and S0, S1, and S2 in C0(4-3). Note that the beam size
is larger in these observations than in VLA, especially in
the case of CARMA. Therefore, CO(3-2) and CO(4-3)
could come from several or different neighboring sources.
The case of S2 is particularly clear, since CO(3-2) and
CO(4-3) line detections are offset in velocity from that
of CO(1-0), but also the spatial location of the CO(3-
2) and CO(4-3) emissions point towards a contribution
from S7, which CO(1-0) is slightly broader and offset
from that of S2. The line ratios are unphysical when
considering that the CO(3-2) and CO(4-3) are associ-
ated to a single source. However, they become physical
when adding up the CO(1-0) contribution from S5 and
S6 to S0 and the CO(1-0) contribution from S7 to S2.
33 GHz continuum emission was detected at S/N > 3
slightly offset form S0, S2 and S4 (see Figure 2).
4. GAS, DUST AND STELLAR PROPERTIES
In this section we derive the gas, dust and stel-
lar properties of the confirmed new protoclusters cores
HELAISS02 and HXMM20. Particularly, we calculated
the molecular gas masses, infrared luminosities, star for-
mation rates, and stellar masses. Note that in the case
of HCOSMOS02 these properties have been well stud-
ied in Wang et al. (2016) and Wang et al. (2018); there-
fore, we use the values obtained in those works, with
updated molecular gas masses based on our CO observa-
tions. We compared our CO(1-0) line luminosity values
with those in Wang et al. (2018). The median of the rel-
ative difference between the two estimates is ∼ 7% and,
thus, we argue that there are no systematics between
the two works. Individually, the estimates are in good
agreement within a factor of two (for the comparison we
added up S6 to S0 to be compared with 131077 in Wang
et al. (2018) and added up S8 to S2 to be compared with
130949 in Wang et al. (2018)).
4.1. CO-based Estimates of MH2
One of the most commonly used methods to derive the
molecular gas mass (MH2) is by measuring the CO(1-0)
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Table 4. HCOSMOS02 CO(1-0) Line Measurements
Name a Other Name b α(J2000) a δ(J2000) a v0,CO(1−0)
c dvCO(1−0) SCO(1−0) ICO(1−0) S/NCO(1−0) logL
′
CO(1−0)
[h:m:s] [◦:′:′′] [km s−1] [km s−1] [mJy beam−1] [Jy km s−1] [K km s−1 pc−2]
HCOSMOS02 CL J1001+0220 10 00 57.18 +02 20 12.70 2.504 ± 0.005
S0 131077 10 00 56.95 +02 20 17.35 −833 ± 26 534 ± 61 0.167 ± 0.017 0.105 ± 0.007 15.7 10.48 ± 0.03
S1 130891 10 00 57.57 +02 20 11.26 748 ± 27 404 ± 63 0.122 ± 0.016 0.129 ± 0.013 6.93 10.58 ± 0.04
S2 130949 10 00 56.86 +02 20 08.93 −74 ± 24 358 ± 57 0.131 ± 0.018 0.032 ± 0.006 10.29 9.97 ± 0.08
S3* 130933 10 00 57.27 +02 20 12.66 −230 ± 170 830 ± 390 0.025 ± 0.010 0.022 ± 0.014 3.85* 9.81 ± 0.28
S4 130901 10 00 57.40 +02 20 10.83 384 ± 86 860 ± 210 0.058 ± 0.012 0.065 ± 0.014 5.13 10.28 ± 0.09
S5* 131079 10 00 56.88 +02 20 14.93 −874 ± 64 630 ± 150 0.051 ± 0.011 0.034 ± 0.011 2.37* 9.99 ± 0.14
S6 · · · 10 00 57.06 +02 20 18.40 −863 ± 30 519 ± 71 0.121 ± 0.014 0.078 ± 0.006 8.74 10.35 ± 0.03
S7 130842 10 00 56.90 +02 20 09.70 −34 ± 26 479 ± 61 0.139 ± 0.015 0.073 ± 0.007 8.98 10.33 ± 0.04
S8* · · · 10 00 56.70 +02 20 05.20 0 ± 43 370 ± 100 0.063 ± 0.015 0.025 ± 0.009 2.22* 9.86 ± 0.16
S9 no-ID 10 00 56.32 +02 20 11.50 8 ± 61 700 ± 140 0.063 ± 0.011 0.046 ± 0.013 5.27 10.13 ± 0.12
S10* 132044 10 00 56.76 +02 20 55.72 271 ± 46 310 ± 110 0.117 ± 0.035 0.039 ± 0.018 2.59* 10.06 ± 0.20
S11 130359 10 00 54.96 +02 19 48.10 284 ± 27 234 ± 63 0.192 ± 0.044 0.048 ± 0.017 4.26 10.15 ± 0.15
S12* · · · 10 00 57.38 +02 20 06.40 706 ± 96 720 ± 230 0.040 ± 0.011 0.031 ± 0.013 2.57* 9.96 ± 0.18
HCOSMOS02 -
OTHER
S13* · · · 10 00 57.84 +02 19 47.80 −7428 ± 12 105 ± 27 0.414 ± 0.094 0.046 ± 0.016 3.00* · · ·
S14 · · · 10 00 59.66 +02 19 52.90 −3029 ± 74 630 ± 170 0.119 ± 0.029 0.080 ± 0.030 4.66 · · ·
aSource names and coordinates correspond to those originally reported in Bussmann et al. (2015) for S0 to S4. The rest of sources are named subsequently with increasing
velocity and their coordinates correspond to the position where the spectrum was extracted as explained in Section 3.3.
b From Wang et al. (2016).
c Velocity offset is centered at the median redshift of sources.
∗Tentative detection.
Table 5. HCOSMOS02 CO(3-2) and CO(4-3) Line Measurements
Name v0,CO(3−2)
a v0,CO(4−3)
a dvCO(3−2) dvCO(4−3) SCO(3−2) SCO(4−3)
[km s−1] [km s−1] [km s−1] [km s−1] [mJy beam−1] [mJy beam−1]
HCOSMOS02
S0 −923 ± 41 −828 ± 77 442 ± 98 710 ± 180 3.84 ± 0.72 3.56 ± 0.80
S1 · · · 810 ± 50 · · · 400 ± 120 · · · 4.6 ± 1.2
S2 149 ± 31 87 ± 31 225 ± 73 181 ± 74 3.7 ± 1.0 4.6 ± 1.6
aa ICO(3−2) ICO(4−3) S/NCO(3−2) S/NCO(4−3) logL
′
CO(3−2) logL
′
CO(4−3) r31 r41
[Jy km s−1] [Jy km s−1] [K km s−1 pc−2] [K km s−1 pc−2]
1.70 ± 0.31 2.51 ± 0.57 5.48 4.40 10.74 ± 0.08 10.66 ± 0.10 1.18 ± 0.24* 0.97 ± 0.23*
· · · 1.84 ± 0.30 · · · 6.13 · · · 10.53 ± 0.07 · · · 0.89 ± 0.17
0.84 ± 0.25 0.83 ± 0.19 3.36 4.37 10.44 ± 0.13 10.18 ± 0.10 0.86 ± 0.26* 0.48 ± 0.12*
aVelocity offset is centered at the median redshift as quoted in Table 4.
∗CO(1-0) contribution from S5 and S6 added up to S0 and CO(1-0) contribution from S7 added up to S2.
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Figure 3. HELAISS02 and HXMM20 moment-0 maps. First row: Overview of the ALMA 870µm continuum sources reported
in Bussmann et al. (2015). Second row: HELAISS02 CO(3-2) moment-0 maps of the 870µm continuum sources in Bussmann
et al. (2015) represented as contours on top of the 870µm continuum image. Third row: HXMM20 CO(3-2) moment-0 maps
of the 870µm continuum sources in Bussmann et al. (2015) on top of the 870µm continuum image. Fourth row: HXMM20
CO(1-0) moment-0 maps of the 870µm continuum sources in Bussmann et al. (2015) on top of the 870µm continuum image.
The source to which each panel refers to is marked with a yellow cross (note that sources spanning a similar velocity range
appear also in the panel by construction of a moment-0 map). Contours start at ±3σ and grow in steps of ±1σ, except for
HELAISS02 CO(3-2) S1 and HXMM20 CO(1-0) S4 that start at ±2σ. Positive contours are solid and negative contours dotted.
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Figure 4. HELAISS02 CO(3-2), HXMM20 CO(3-2), and CO(1-0) spectra of the 870µm continuum sources reported in
Bussmann et al. (2015). The spectra are ordered according to that nomenclature. Velocity offset for each protocluster core is
centered at the median redshift of their sources given by the CO(3-2) transition.
line luminosity (L
′
CO(1−0)) and assuming an αCO con-
version factor that relates them through:
MH2 = αCOL
′
CO(1−0), (1)
αCO depends on metallicity and likely on the mode of
star formation. In the absence of direct gas-phase metal-
licities and since the majority of our targets are massive
(M∗ > 1010M, Table 6), we assumed a solar metal-
licity for all sources. Then, we adopted αCO = 3.5 as
reported in Magdis et al. (2017) for normal SFGs at solar
metallicity, calculated as an average value from αCO–Z
relations in the literature (Leroy et al. 2011; Genzel et al.
2012; Magdis et al. 2012). In the case of HELAISS02 we
also converted the CO(3-2) measurements into a CO(1-
0) line luminosity. For this conversion we used the line
ratio r31 = 0.69 ± 0.09 derived for HXMM20 from our
data (see Table 3), assuming that the sample selection
criteria are leading to a similar excitation. The MCOH2
results are collected in Table 6.
4.2. FIR Properties
The available photometry from mid-IR to sub-
millimeter can be fitted to derive the dust mass (Mdust)
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Figure 5. HCOSMOS02 moment-0 maps. First row: Overview of the sources. Second row: CO(1-0) moment-0 maps of the
870µm continuum sources in Bussmann et al. (2015) represented as contours on top of the 870µm continuum image. Third
row: CO(1-0) moment-0 maps of the detections in the 30′′×30′′central region on top of the IRAC 3.6µm image. Fourth row:
CO(1-0) moment-0 maps of the detections outside the 30′′×30′′central region. Fifth row: Moment-0 maps of the line detections
outside the 30′′×30′′central region not part of the HCOSMOS02 structure. Sixth row: CO(3-2) from CARMA and CO(4-3)
from NOEMA moment-0 maps of the detected 870µ continuum sources. The source to which each panel refers to is marked
with a yellow cross (note that sources spanning a similar velocity range appear also in the panel by construction of a moment-0
map). Contours start at ±3σ and grow in steps of ±1σ, except for CO(1-0) S3, S5, S8, S10, S12 and S13 that start at ±2σ.
Positive contours are solid and negative contours dotted.
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Figure 6. HCOSMOS02 CO(1-0), CO(3-2), and CO(4-3) spectra. Source names are those originally reported in Bussmann
et al. (2015) for S0 to S4. The rest are named subsequently with increasing velocity. The spectra are ordered according to the
nomenclature. Velocity offset is centered at the median redshift of the sources given by the CO(1-0) transition. Scaled CO(1-0)
spectra are overlaid on top of the CO(3-2) and CO(4-3) in gray.
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and infrared luminosity (LIR) estimates of the differ-
ent ALMA 870µm continuum sources of each proto-
cluster core. We acquired Spitzer/MIPS 24µm mea-
surements using the images publicly available from
the Spitzer Wide-area Infrared Extragalactic Survey
(SWIRE; Lonsdale et al. 2003) in the ELAIS-S1 and
XMM-LSS fields, where our protocluster cores are lo-
cated. Since the sources are blended, following Go´mez-
Guijarro et al. (2018), we got the fluxes by fitting a
PSF model using GALFIT (Peng et al. 2002). We re-
quired at least a 5σ detection to perform the fit. The
number of PSFs and the PSFs centroids were set to the
number and positions of the 870µm continuum sources,
allowing a shift in both the X and Y < 1 pixel from
the initial positions. The sources are not detected in
Spitzer/MIPS 70µm or Herschel/PACS 100 and 160µm
imaging. In the case of Herschel/SPIRE 250, 350, and
500µm we scaled the total fluxes presented in Buss-
mann et al. (2015) using the ratio of the 870µm fluxes
of each ALMA continuum source by the total 870µm
flux also presented in Bussmann et al. (2015). Finally,
we employed 3 mm fluxes presented in Table 1.
We fitted the mid-IR to sub-millimeter spectral en-
ergy distribution (SED) with the Draine & Li (2007)
models (DL07). The methodology has been presented
in detail in various previous studies (e.g., Magdis et al.
2012; Berta et al. 2016). In brief, DL07 models describe
the mid-IR to sub-millimeter spectrum of a galaxy by
a linear combination of two dust components, one aris-
ing from dust in the diffuse interstellar medium (ISM),
heated by a minimum radiation field Umin (”diffuse
ISM” component) and the other from dust heated by
a power-law distribution of starlight, dM/dU ∝ U−α
extending from Umin to Umax, associated with the in-
tense photodissociation regions (PDRs, ”PDR” compo-
nent). The relative contribution of the two components
is quantified by the parameter γ that yields the fraction
of the dust exposed to starlight with intensities rang-
ing from Umin to Umax. Finally, the properties of the
grains in the dust models are parameterized by the poly-
cyclic aromatic hydrocarbon (PAH) index, qPAH, defined
as the fraction of the dust mass in the form of PAH
grains. Each observed SED is fitted with a wide range
of models generated by combinations of different set of
parameters. For our case we considered models with
qPAH = 0.4–4.6%, Umin = 0.7–25, γ = 0.0–0.8, while
following Draine et al. (2007), we fixed Umax = 10
6, and
α = 2. The best fit were derived through χ2 minimiza-
tion yielding to Mdust, Umin, γ and qPAH estimates. LIR
was calculated by integrating the best fit to the SED in
the range 8–1000µm. To estimate the uncertainties of
the parameters we created 1000 realizations of the ob-
served SEDs by perturbing the photometry within the
errors and repeating the fit. The corresponding uncer-
tainties are defined by the standard deviation of the dis-
tribution of the derived quantities. The LIR and Mdust
estimates along with their uncertainties are listed in Ta-
ble 6, where SFRIR estimates were obtained using the
LIR to SFRIR conversion from Kennicutt (1998) for a
Chabrier IMF. In Figure 7 we present the observed SEDs
along with best fit models as derived from our analysis.
4.3. Dust-based Estimates of MH2
A very efficient way to determine the molecular gas
reservoir of the galaxies is through their dust emis-
sion, either using the metallicity-dependent gas-to-dust
mass ratio technique (δGD) (e.g., Magdis et al. 2012;
Berta et al. 2016), which converts the Mdust estimates
to Mgas through the well established, almost linear,
gas-to-dust mass ratio vs gas-phase metallicity relation
(Mgas/Mdust–Z); or through the single band measure-
ment of the dust emission flux on the Rayleigh-Jeans
(R-J) side of the SED (e.g., Scoville et al. 2014; Groves
et al. 2015; Schinnerer et al. 2016). Here, and thanks to
the detailed coverage of the IR part of the spectrum of
our objects, including the R-J tail of the SED, we are
in position to use both techniques. We refer to these
estimates as MGDgas and M
RJ
gas, respectively.
First, we converted the Mdust estimates, derived as
described in the previous section, to Mgas by adopt-
ing the Mgas/Mdust–Z relation of Magdis et al. (2012)
(log(Mdust/Mgas) = (10.54 ± 1.0) − (0.99 ± 0.12) ×
(12 + log(O/H))), where the metallicity is calibrated
using the Pettini & Pagel (2004) scale. We assumed a
solar metallicity for all sources that corresponds to a
Mgas/Mdust ∼ 90. The corresponding uncertainties take
into quadrature the uncertainties in Mdust and adopting
a 0.2 dex uncertainty in Z. Similarly, we converted the
ALMA 3 mm (rest-frame ∼ 950µm for HELAISS02 and
∼ 830µm for HXMM20) flux densities of each source
(except for HXMM20-S2, S3 and S4 that are not de-
tected at 3 mm) to Mgas through the equation 12 of
Scoville et al. (2014). The Mgas estimates derived by
the two approaches are in excellent agreement, compat-
ible within the uncertainties, with an average ratio of
1.24 ± 0.23. This is not surprising given the implicit
assumption of solar gas-phase metallicity in both ap-
proaches. The values are summarized in Table 6. Fi-
nally, we note that these estimates yield the total gas
budget of the galaxies, including contributions from the
molecular (MH2) and the atomic phase (MHI). How-
ever, assuming that for high-redshift relatively massive
galaxies the molecular gas dominates over the atomic gas
within the physical scale probed by the dust continuum
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observations, MH2 >> MHI (e.g., Blitz & Rosolowsky
2006; Bigiel et al. 2008; Obreschkow et al. 2009; Tacconi
et al. 2010; Daddi et al. 2010a; Geach et al. 2011), we
can then write Mgas = MH2 +MHI ≈MH2 .
The CO-independent MH2 estimates derived using the
two dust-based methods allow us to explore the αCO
conversion factor of the different sources in each pro-
tocluster core (see Bolatto et al. 2013, for a review).
Papadopoulos et al. (2012b,a) concluded that αCO is af-
fected by gas density and temperature, but mostly by
the overall dynamical state of the gas. High values are
related with self-gravitating gas clouds, such as those
found in local star-forming disks like the Milky Way
(MW) (e.g., αCO = 4.3 K km s
−1 pc−2 Strong & Mattox
1996; Dame et al. 2001; Abdo et al. 2010). Low values
are associated to gravitationally unbound gas, such as
disturbed gas in local major mergers (e.g., αCO = 0.8 K
km s−1 pc−2 Solomon et al. 1997; Downes & Solomon
1998; Tacconi et al. 2008). We employed MGDH2 , that
could be derived for all sources, to calculate αCO. Our
results in Table 6 show that HELAISS02 sources have
a high αCO, while HXMM20 sources have a lower αCO.
The integrated measurement for HELAISS02 displays
a high αCO = 4.6 ± 2.4 consistent with those of MW-
like disks, while the lower HXMM20 αCO = 1.8 ± 0.9
resembles better those found in mergers. Although
the uncertainties are large, it is also worth noting that
the lowest αCO are associated with the blended sources
in HXMM20 (S0, S2 and S3), while the highest αCO
are related with HELAISS02, where all the sources are
well separated from each other, and HXMM20-S1 with
a large distance to another neighboring source (with
the exception of HXMM-S4, but which CO(1-0) flux is
poorly constrained). This agrees with the interpretation
of the overall dynamical state of the gas being the ma-
jor contributor to αCO, with disturbed gas associated
with lower αCO, which is likely the case of the blended
sources of HXMM20, and bound gas linked to higher
αCO, likely the case of the more isolated sources.
4.4. Stellar Masses
The ELAIS-S1 and XMM-LSS fields, where HELAISS02
and HXMM20 are respectively located, are covered by
optical/IR data sets publicly available suitable to deter-
mine the stellar masses of the different optical/near-IR
counterparts associated to the ALMA 870µm contin-
uum counterparts through SED fitting.
We employed optical/near-IR data from the VISTA
Deep Extragalactic Observations (VIDEO; Jarvis et al.
2013) survey in the z, y, J , H, and Ks bands; and mid-
IR coverage from the Spitzer Extragalactic Represen-
tative Volume Survey (SERVS; Mauduit et al. 2012) at
3.6 and 4.5µm, and from the Spitzer Wide-area Infrared
Extragalactic Survey (SWIRE; Lonsdale et al. 2003) at
5.8 and 8.0µm.
The photometry was measured following the pro-
cedure described in Go´mez-Guijarro et al. (2018) for
crowded and blended objects. Briefly, from the z to
the Ks bands we performed aperture photometry. The
number of apertures is set to the number of 870µm con-
tinuum sources. We excluded HXMM20-S3 because it
is not clearly detected, being too faint and too close to
HXMM20-S0 and HXMM20-S2 to disentangle its indi-
vidual contribution. Therefore, we did not derive a stel-
lar mass for this source. The apertures were selected in
the Ks band as large as possible (typically 2
′′diameter)
without overlapping with neighboring apertures. We ap-
plied aperture corrections for every band by deriving
the growth curve of a PSF in the different bands and
computing the correction factor to the fluxes to account
for the missing flux outside the aperture. The flux un-
certainties were derived from empty aperture measure-
ments. We only use detections above 3σ to guarantee
a good SED fit (upper limits are included in Figure 7).
In the case of Spitzer/IRAC 3.6 and 4.5µm data the
sources appear blended. In this case, the fluxes were
calculated from PSF fitting with GALFIT as explained in
Section 4.2 for the Spitzer/MIPS 24µm images. The 5σ
detection criterion to perform the PSF fit was reached
for all sources in the 3.6 and 4.5µm bands, but not in the
5.8 and 8.0µm and, thus, these bands were not included
in the SED fit (upper limits are shown in Figure 7).
The number of PSFs was again set to the number of
870µm continuum sources and the PSFs centroids were
placed at the positions of Ks band centroids used as
priors, allowing a shift in both the X and Y < 1 pixel
from the initial positions. To account the uncertainty in
the photometry due to the deblending we performed a
number of realizations varying the centroid coordinates
randomly within 1 pixel of the best-fit centroid and fix-
ing those coordinates for each realization.
We fitted the resulting SEDs using the code LeP-
HARE (Arnouts et al. 1999; Ilbert et al. 2006) adopt-
ing Bruzual & Charlot (2003) stellar population synthe-
sis models with emission lines to account for nebular
line contamination in the broad bands. We assumed a
Chabrier (2003) IMF, exponentially declining star for-
mation histories (SFHs) and a Calzetti et al. (2000) dust
law. The parameter grid employed ranges SFH e-folding
times 0.1 Gyr-30 Gyr, extinction 0 < AV < 5, stellar
age 1 Myr–age of the universe at the source redshift
and metallicity Z = 0.004, 0.008 and 0.02 (i.e., solar).
The redshift was fixed to the derived CO(3-2) spectro-
scopic redshifts for each source (see Tables 2 and 3).
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The derived SEDs are shown in Figure 7 and the stellar
masses in Table 6. Additionally, we explored whether
the output stellar extinction AV correlates with Mdust
derived in Section 4.2. We found no correlation between
them. Some studies have shown that these two quanti-
ties could be linked to different stellar populations and
depend differently on the viewing angle and on the ge-
ometry of the dust distribution (e.g., Safarzadeh et al.
2017; Faisst et al. 2017; Popping et al. 2017; Narayanan
et al. 2018; Go´mez-Guijarro et al. 2018). The plausible
different physical origin of the stellar and dust contin-
uum light justifies the use of two different SED fitting
techniques, one for the optical/near-IR SED and an-
other one for the FIR SED, as opposed to employing an
energy balanced solution that implies a direct relation
between stars and dust.
With both the molecular gas and stellar masses we
calculated the molecular gas fraction defined as fH2 =
MH2/(M∗ + MH2). The values are also presented in
Table 6.
5. DISCUSSION
5.1. Blends of DSFGs from Single-dish Selected
Sources
HELAISS02 and HXMM20 are composed of four and
five gas-rich DSFGs within a projected diameter of
125 kpc and 64 kpc, respectively. The HCOSMOS02
core comprises five gas-rich DSFGs within a projected
diameter of 105 kpc. All the ALMA 870µm contin-
uum sources reported in Bussmann et al. (2015) for
these three candidate protoclusters originally selected
as single-dish Herschel/SPIRE sources turned out to be
located at the same redshift as confirmed by the CO
observations presented in our work. Such a high frac-
tion of sources with small pairwise separations located at
the same redshift are unexpected from both a theoreti-
cal perspective (Hayward et al. 2013; Cowley et al. 2015;
Mun˜oz Arancibia et al. 2015; Hayward et al. 2018) and
previous high spatial resolution follow-up of longer wave-
length single-dish observations. Wardlow et al. (2018)
presented CO observations from six single-dish selected
870µm continuum sources that appeared as blends of
at least two individual sources, suggesting that 64% of
these individual sources are unlikely to be physically as-
sociated.
Our results are in line with Ivison et al. (2013), that
confirmed four ALMA 870µm continuum sources across
a ∼ 100 kpc region at z ∼ 2.41 through CO(4-3) and
CO(1-0) observations in a Herschel/SPIRE-selected hy-
perluminous infrared galaxy. In addition, recent dis-
coveries of z > 4 protoclusters with associated DSFGs
resemble the result presented in our work. Oteo et al.
(2018) discovered a protocluster of at least 10 DSFGs at
z ∼ 4.002, confirmed through [C I] and high-J CO tran-
sitions, located within a 260 kpc×310 kpc region. Miller
et al. (2018) discovered a protocluster at z ∼ 4.31 of at
least 14 gas-rich sources within a projected diameter of
130 kpc, confirmed from [C II], with eight of them also
detected in CO(4-3) and 12 in 1 mm continuum.
5.2. Gas Fractions and Star Formation Efficiencies
At z ∼ 1.5–2.5 several works have studied the molec-
ular gas content, efficiency of converting gas into stars
and their relation with the specific star formation rate
(sSFR = SFR/M∗) and with field galaxies, those that
do not necessarily live in an overdense environment (e.g.,
Noble et al. 2017; Lee et al. 2017; Rudnick et al. 2017;
Dannerbauer et al. 2017; Hayashi et al. 2018; Coogan
et al. 2018). In this section we explore and discuss these
matters regarding our sample of protoclusters cores. We
employed the properties derived for HELAISS02 and
HXMM20 870µm continuum sources in Section 4 and
those derived in Wang et al. (2016) and Wang et al.
(2018) for HCOSMOS02 for its five 870µm continuum
sources, with updated molecular gas masses based in
our CO observations following the method described in
Section 4.1.
The well studied correlation between the SFR and the
stellar mass of star-forming galaxies (SFGs), so-called
main sequence (MS) of star formation (e.g., Noeske et al.
2007; Elbaz et al. 2007; Daddi et al. 2007) permits to dis-
tinguish between MS galaxies, as those located within
the scatter of the MS, and starburst (SB) galaxies, out-
liers to the MS exhibiting an elevated sSFR compared
to MS galaxies. Another correlation in SFGs arises be-
tween the observables L
′
CO(1−0) and LIR and, thus, be-
tween MH2 and SFRIR calculated from these observ-
ables, commonly referred in the literature as the star
formation law or Kennicutt-Schmidt relation (KS rela-
tion; Schmidt 1959; Kennicutt 1998, originally defined
using star formation rate and gas mass surface densi-
ties). There are studies that suggest that MS and SB
galaxies follow different relations between these quanti-
ties, with SB galaxies having increased star formation
efficiency (SFE = SFR/MH2) (e.g., Daddi et al. 2010b;
Genzel et al. 2010).
In Figure 8 we show the location of the protoclus-
ter core members in the SFR − M∗, LCO − LIR and
MH2 − SFRIR planes, where MH2 comes from the CO-
based measurements as derived in Section 4.1. We can
see that the integrated measurements for HELAISS02
and HXMM20 are consistent with the SB regime in
SFR−M∗, but with the MS relation in the observables
KS plane LCO−LIR. The tension is somewhat smaller in
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Table 6. HELAISS02 and HXMM20 Gas, Dust and Stellar Properties
Name log(MCOH2
/M) log(MGDH2 /M) log(M
RJ
H2
/M) log(LIR/L) log(Mdust/M) αCO SFRIR log(M∗/M) fH2
[M K−1 km−1s pc−2] [M yr−1]
HELAISS02 11.81 ± 0.04 11.93 ± 0.22 11.82 ± 0.04 13.18 ± 0.05 9.96 ± 0.09 4.6 ± 2.4 1510 ± 170 11.49+0.06−0.05 0.68 ± 0.11
S0 11.61 ± 0.04 11.60 ± 0.23 11.45 ± 0.05 12.88 ± 0.07 9.64 ± 0.12 3.5 ± 1.9 760 ± 120 10.48+0.16−0.11 0.93 ± 0.02
S1 10.83 ± 0.09 11.27 ± 0.24 11.15 ± 0.10 12.43 ± 0.06 9.30 ± 0.12 9.7 ± 5.7 269 ± 37 11.06+0.09−0.11 0.37 ± 0.07
S2 11.07 ± 0.05 11.27 ± 0.23 11.06 ± 0.11 12.48 ± 0.07 9.30 ± 0.11 5.6 ± 3.0 302 ± 49 11.17+0.08−0.10 0.44 ± 0.05
S3 10.82 ± 0.09 11.10 ± 0.23 11.07 ± 0.12 12.30 ± 0.07 9.13 ± 0.11 6.7 ± 3.8 200 ± 32 10.13+0.09−0.14 0.83 ± 0.04
HXMM20 12.04 ± 0.04 11.75 ± 0.22 11.64 ± 0.07 13.23 ± 0.05 9.79 ± 0.09 1.8 ± 0.9 1700 ± 200 10.81+0.19−0.15 0.94 ± 0.04
S0 11.54 ± 0.07 11.46 ± 0.24 11.47 ± 0.07 12.82 ± 0.06 9.50 ± 0.14 2.9 ± 1.7 661 ± 91 9.88+0.10−0.05 0.98 ± 0.01
S1 11.11 ± 0.14 11.14 ± 0.23 11.17 ± 0.15 12.58 ± 0.05 9.18 ± 0.11 3.7 ± 2.3 380 ± 44 10.12+0.09−0.04 0.91 ± 0.03
S2 11.24 ± 0.14 11.08 ± 0.23 · · · 12.54 ± 0.06 9.12 ± 0.12 2.4 ± 1.5 347 ± 48 10.04+0.14−0.07 0.94 ± 0.03
S3 11.44 ± 0.07 10.96 ± 0.29 · · · 12.64 ± 0.29 8.99 ± 0.21 1.2 ± 0.8 440 ± 290 · · · · · ·
S4 11.21 ± 0.14 10.58 ± 0.24 · · · 12.00 ± 0.06 8.61 ± 0.13 0.8 ± 0.5 100 ± 14 10.51+0.29−0.31 0.83 ± 0.10
the case of HCOSMOS02, consistent with the MS scat-
ter in SFR−M∗ plane. In order to explore the nature of
this apparent discrepancies in Figure 9 we show how fH2
and SFE (or depletion time-scale, τH2 = 1/SFE) vary as
a function of the distance to the MS (DMS), defined as
the ratio of the sSFR to the sSFR of the MS at the same
stellar mass and redshift (sSFR/sSFRMS). A number of
studies have revealed that the DMS scales with both fH2
and SFE, with SFGs having increasing fH2 and SFE
(lower τH2) as they move to higher DMS (e.g., Daddi
et al. 2010b; Genzel et al. 2010; Magdis et al. 2012; Sar-
gent et al. 2014; Genzel et al. 2015; Scoville et al. 2017;
Tacconi et al. 2018). The integrated measurements for
HELAISS02, HXMM20, and HCOSMOS02 follow the
expected literature trends in fH2 . However, the behav-
ior in SFE as a function of DMS is the opposite of what
we know from the literature.
It is important to remember the assumptions we made
when deriving MH2 from CO in Section 4.1. The exci-
tation conversion for HELAISS02 (r31 = 0.69 ± 0.09)
and the conversion factor αCO = 3.5. Adopting a MS-
like excitation conversion r31 = 0.42±0.07 (Daddi et al.
2015) would increase the L
′
CO(1−0) measurement (and
MH2) and decrease the SFE (increase τH2) as repre-
sented by the green arrows in Figures 8 and 9. While
the trend in fH2 is pretty robust to a change in this
assumption, HELAISS02 SFE (τH2) would move to val-
ues similar to HXMM20 within the uncertainties. In
the case of αCO, the values were independently calcu-
lated for HELAISS02 and HXMM20 from MH2 esti-
mates through the δGD technique in Section 4.3. Wang
et al. (2018) presented also individual αCO values for
HCOSMOS02 members. Adopting these values instead,
the trend in fH2 holds, but that of SFE (τH2) is less ro-
bust (green, blue, and black arrows in Figures 8 and 9).
The excitation assumption also affects the estimates of
αCO and the mentioned change would lower the values of
HELAISS02. Another assumption that affects the αCO
estimates is the adoption of solar metallicity. If differ-
ent from solar, we might expect that HXMM20, having
lower stellar mass than HELAISS02 and HCOSMOS02,
has a lower metallicity and, thus, higher αCO (e.g., Gen-
zel et al. 2012; Magdis et al. 2012; Sargent et al. 2014).
In addition to the integrated measurements, we ex-
plored the behavior of the individual 870µm continuum
sources in each protocluster core in the planes men-
tioned above. A caveat is the scaling assumption we
used when deriving the LIR and SFRIR estimates for
HELAISS02 and HXMM20 in Section 4.2. We have
enough spatial resolution to get individual measure-
ments of most of the sources in the left-hand side of
the FIR SED peak through Spitzer/MIPS 24µm and
in the R-J side of the peak from ALMA 870µm and
3 mm, but we have no constraints on the actual peak
of the SED due the large beam size of Herschel/SPIRE
compared to the distance between sources. Therefore,
we scaled the integrated SPIRE fluxes to the ALMA
870µm measurements for the distinct individual sources.
While the R-J side of the FIR SED is enough to con-
strain Mgas, from Mdust using the δGD technique, or
through the single band measurement of the dust emis-
sion flux (see Section 4.3), the peak and the left-hand
side are needed to constrain the overall shape of the
SED and, thus, LIR and SFRIR. Consequently, the scal-
ing assumption implies an almost constant SED shape
that is dictated almost only based on the region sen-
sitive to Mdust, varying only based on 24µm. This
means an almost constant LIR/Mdust ratio and, hence,
SFE = SFR/MH2 ∝ LIR/Mdust ≈ constant. The differ-
ent sources or each protocluster core are by construc-
tion bound to have very similar SFE (τH2 ). HCOS-
MOS02 870µm continuum sources are less affected by
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Figure 7. HELAISS02 and HXMM20 optical/IR and FIR SEDs. First row: HELAISS02 and HXMM20 FIR SED and best fit
for the integrated values over all sources. Second row: HELAISS02 FIR SED and best fit for each 870µm continuum source.
Third row: HXMM20 FIR SED and best fit for each 870µm continuum source. Wavelengths are in the observer-frame. Fourth
row: HELAISS02 optical/IR SED and best fit for the optical/near-IR counterparts associated to each 870µm continuum source.
Fifth row: HXMM20 optical/IR SED and best fit for the optical/near-IR counterparts associated to each 870µm continuum
source. Arrows indicate 3σ upper limits (5σ for the Spitzer bands). Wavelengths are in the observer-frame.
these caveats, since the left-hand side of the FIR SED
is better constrained thanks to the Herschel/PACS de-
tections (Wang et al. 2016). Additionally, the assump-
tions affecting the integrated measurements of the ex-
citation conversion for HELAISS02 (r31 = 0.69 ± 0.09)
and the adopted αCO = 3.5 also applies to the individual
sources.
Bearing in mind this caveats, the individual sources re-
produce qualitatively the same trends of the integrated
measurements. We see that our sources above the MS
have higher fH2 than those within the MS. Besides SFE
(τH2) seem to decrease (increase) as a function of DMS.
Some of the HCOSMOS02 sources display high SFE
reaching the SB regime in the observables KS plane
LCO − LIR.
In summary, we see that the most massive sources
of each protocluster core (HELAISS02-S1 and S2,
HXMM20-S4, HCOSMOS02-S2, S3, and S4) are those
located within the MS and associated with the lowest
gas fraction of each protocluster core. On the other
hand, the least massive sources are those located above
the MS and are completely dominated by molecular
gas. This is also true for the integrated values, being
HXMM20 the least massive and the most gas domi-
nated with the highest fraction of galaxies above the
MS, HCOSMOS02 the most massive and the least gas
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dominated with the lowest fraction of galaxies above
the MS, while HELAISS02 plays an intermediate role.
This points towards a different evolutionary stage of
the three protocluster cores. Although there could be
a difference in SFE (τH2) between the different sources
as a function of DMS, our current data requires the use
of assumptions that are artificially creating any trend
in SFE (τH2). Additional higher spatial resolution at
the peak of the FIR SED is paramount to uncover the
real SFE of HELAISS02 and HXMM20. HCOSMOS02,
with less caveats, points towards a decreasing SFE with
DMS.
All this suggests that the molecular gas fraction is
pushing the individual sources above the MS, while
maintaining a MS-like efficiency as seen for both
HELAISS02 and HXMM20 in the observables LCO−LIR
plane. The latter is in agreement with Dannerbauer
et al. (2017) that concludes that the SFE does not vary
in dense environments compared to field galaxies. One
possible explanation of why the least massive sources
appear above the MS while maintaining a MS-like ef-
ficiency in forming stars could be that they are newly
formed galaxies migrating to the MS, being the most
massive sources already in place probably because they
started forming earlier. For example, if the HELAISS02
and HXMM20 sources located above the MS consume
half of their available molecular gas at their current
SFR by z ∼ 2.00 and z ∼ 2.37, respectively, they will
be located within the scatter of the MS.
After discussing the overall trends of the integrated
and individual measurements, we compare fH2 and τH2
with the gas scaling relations for field galaxies in Scov-
ille et al. (2017) at the same redshift, stellar mass and
DMS in Table 9. The integrated fH2 are very simi-
lar to field galaxies within the uncertainties, perhaps
indicating an overall small excess for HELAISS02 and
HXMM20 (1.7 and 3.0σ, respectively). The individual
sources show more discrepancies, with those within the
MS (HELAISS02-S1, S2, HCOSMOS02-S2, S3, and S4)
having a lack of molecular gas compared to the field,
especially in the case of HCOSMOS02. In terms of τH2 ,
the integrated measurements are larger than field galax-
ies for HELAISS02 and HXMM20 (2.0 and 5.1σ) and
smaller for HCOSMOS02 (2.1σ). On a source-by-source
basis, given the large caveats affecting the SFE (τH2)
estimates of HELAISS02 and HXMM20, it is difficult to
draw conclusions. In summary, our results suggest that
two of our protoclusters cores are only slightly more gas
rich than field galaxies, but display higher τH2 due to
their MS-like SFE, somewhat unexpected at this red-
shift, stellar mass and DMS, where galaxies with an en-
hanced SFE in the field are more common. These two
Table 7. HELAISS02 and HXMM20
Molecular Gas Fractions and Depletion
Time-scales vs Field Galaxies
Name fH2/〈fH2 〉 a τgas/〈τgas〉 a
HELAISS02 1.40 ± 0.23 1.56 ± 0.23
S0 1.08 ± 0.02 3.24 ± 0.59
S1 0.67 ± 0.13 0.37 ± 0.09
S2 0.86 ± 0.10 0.57 ± 0.11
S3 0.92 ± 0.04 1.36 ± 0.36
HXMM20 1.15 ± 0.05 4.22 ± 0.63
S0 1.01 ± 0.01 7.4 ± 1.6
S1 0.98 ± 0.03 2.22 ± 0.76
S2 1.00 ± 0.03 3.5 ± 1.2
S3 · · · · · ·
S4 1.07 ± 0.13 2.24 ± 0.79
HCOSMOS02 0.95 ± 0.49 0.66 ± 0.16
S0 0.78 ± 0.13 0.46 ± 0.14
S1 0.93 ± 0.11 0.78 ± 0.23
S2 0.27 ± 0.09 0.12 ± 0.04
S3 0.31 ± 0.19 0.14 ± 0.11
S4 0.63 ± 0.19 0.37 ± 0.19
a 〈fH2 〉 and 〈τgas〉 from Table 2 in Scoville et al.
(2017) at the redshift, stellar mass and DMS
of each source.
are the ones with the lowest overall stellar mass, while
that with the highest overall stellar mass displays lower
τH2 due to some of its members having SB-like SFE and
small fH2 compared to the field.
In the literature the conclusions of studies that tackle
gas fractions and efficiencies in protocluster galaxies
compared to the field are varied. Noble et al. (2017)
concluded that fH2 and τH2 are higher in z ∼ 1.6 clus-
ter environments than in the field, from a sample of 11
MS gas-rich sources located in three different targets.
Rudnick et al. (2017) observed two protoclusters mem-
bers at z = 1.62, one of them on the MS and the other
below the MS, concluding that both fH2 and τH2 are
consistent with the gas scaling relation of field galax-
ies. Lee et al. (2017) also found consistent fH2 with
the gas scaling relations in MS protoclusters members
at z ∼ 2.49. Hayashi et al. (2018) detected 17 member
galaxies in CO(2-1) and eight in 870µm dust contin-
uum at z = 1.46, arguing that fH2 and τH2 are larger
than those from the scaling relations. The sources were
located on and below the MS. The authors speculated
that the environment of galaxy clusters helps feeding the
gas through into the cluster members and reduces the
efficiency of star formation. On the other hand, Coogan
et al. (2018) found lower τH2 , enhanced SFE and highly
excited CO SLEDs in protocluster members at z = 1.99,
linking such activity to mergers.
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Figure 8. Panel A: SFR−M∗ plane. The main sequence of star-forming galaxies defined by Schreiber et al. (2015) converted
from Salpeter to Chabrier IMF is plotted at the highest and lowest redshifts of the sample with a 0.5 dex (3 times) scatter
represented by a shadowed region. The big symbols correspond to the total values of the protoclusters. Panel B: LCO − LIR
plane. The arrows indicate the expected displacement of the total values represented with big symbols when using a MS-
like excitation conversion (∆r31, affecting HELAISS02). Panel C: MH2 − SFRIR plane. The arrows indicate the expected
displacement of the total values represented with big symbols when using the individual αCO values (∆αCO). Trends for main
sequence (MS, solid line) and starburst (SB, dashed line) galaxies from Sargent et al. (2014) and datapoints from Carilli &
Walter (2013) are shown as reference in the B and C panels.
The general picture of how dense environments might
or not contribute to enhance or suppress the accretion of
gas and affect its efficiency to form stars is still debated
and unclear. From our observations and based on the
literature studies it seems that the evolutionary stage
at which each protocluster structure is observed might
play an important role in this picture.
6. SUMMARY AND CONCLUSIONS
We selected three Herschel candidate protoclusters
with multiple ALMA 870µm continuum counterparts
with small pairwise separations in order to confirm
whether they are or not located at the same redshift
by using CO observations. In summary we found:
• Three out of three candidates are confirmed proto-
cluster core systems, where all the ALMA 870µm
continuum sources previously reported are at the
same redshift. We confirm the discovery of two
new protocluster cores named HELAISS02 (z =
2.171± 0.004) and HXMM20 (z = 2.602± 0.002).
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Figure 9. fH2 (top panel), SFE and τH2 (bottom panel)
vs distance to the MS. The shadowed region represents the
main sequence of star-forming galaxies defined by Schreiber
et al. (2015) converted from Salpeter to Chabrier IMF with
a 0.5 dex (3 times) scatter. The arrows indicate the expected
displacement of the total values when using a MS-like exci-
tation conversion (∆r31, affecting HELAISS02 in both pan-
els) and when using the individual αCO (∆αCO, affecting
HELAISS02, HXMM20, and HCOSMOS02 in both panels).
• We do not find any new secure CO(1-0) detections
in the z = 2.51 COSMOS overdensity, in addition
to the previously reported ones. Although the sys-
tem consists on numerous members, some display
only tentative CO(1-0) detections and they should
be treated with caution requiring further confirma-
tion.
• The physical conditions of the gas in HELAISS02
and HXMM20 reveal a star formation efficiency
consistent with main sequence galaxies, although
some of the sources are located in the starburst
regime of the SFR − M∗ plane due to high gas
fractions and yet small stellar masses. We suggest
that they could be newly formed galaxies moving
into the main sequence.
• Overall, the three studied protocluster cores dis-
play trends when compared to each other and the
field. HXMM20 is the least massive system with
enhanced gas fraction with respect to the field,
while HCOSMOS02 is the most massive system
with depleted gas fraction with respect to the field.
More precise measurements of star formation effi-
ciencies are needed to confirm a trend in this quan-
tity. We suggest an evolutionary sequence between
the three protocluster cores and that the compari-
son with field galaxies depends on the evolutionary
stage of the structure.
We thank R. S. Bussmann for his contributions to
this project and C. M. Casey for useful discussion. We
are grateful to the anonymous referee, whose comments
have been very useful to improving our work.
C.G.G and S.T. acknowledge support from the Euro-
pean Research Council (ERC) Consolidator Grant fund-
ing scheme (project ConTExt, grant number: 648179).
D.R. and R.P. acknowledge support from the National
Science Foundation under grant number AST-1614213.
G.M. and F.V. acknowledge the Villum Fonden research
grant 13160 ”Gas to stars, stars to dust: tracing star
formation across cosmic time”. T.K.D.L. acknowledges
support by the NSF through award SOSPA4-009 from
the NRAO and support by the Simons Foundation.
I.P.F. acknowledges support from the Spanish research
grants ESP2015-65597-C4-4-R and ESP2017-86852-C4-
2-R. H.D. acknowledges financial support from the
Spanish Ministry of Economy and Competitiveness
(MINECO) under the 2014 Ramo´n y Cajal program
MINECO RYC-2014-15686.
The Cosmic Dawn Center is funded by the Danish
National Research Foundation.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2015.1.00752.S. ALMA is a part-
nership of ESO (representing its member states),
NSF (USA) and NINS (Japan), together with NRC
(Canada), MOST and ASIAA (Taiwan), and KASI
(Republic of Korea), in cooperation with the Republic
of Chile. The Joint ALMA Observatory is operated by
ESO, AUI/NRAO and NAOJ.
The National Radio Astronomy Observatory is a facil-
ity of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.
This paper employed Astropy, a community-developed
core Python package for Astronomy (Astropy Collabora-
tion et al. 2013); APLpy, an open-source plotting package
for Python (Robitaille & Bressert 2012); CASA (Mc-
Mullin et al. 2007); Matplotlib (Hunter 2007); Numpy;
Photutils (Bradley et al. 2016); R, a language and en-
vironment for statistical computing (R Foundation for
Statistical Computing, Vienna, Austria).
22 Go´mez-Guijarro et al.
REFERENCES
Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010, ApJ,
710, 133, doi: 10.1088/0004-637X/710/1/133
Aravena, M., Bertoldi, F., Carilli, C., et al. 2010, ApJL,
708, L36, doi: 10.1088/2041-8205/708/1/L36
Arnouts, S., Cristiani, S., Moscardini, L., et al. 1999,
MNRAS, 310, 540, doi: 10.1046/j.1365-8711.1999.02978.x
Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,
et al. 2013, A&A, 558, A33,
doi: 10.1051/0004-6361/201322068
Berta, S., Lutz, D., Genzel, R., Fo¨rster-Schreiber, N. M., &
Tacconi, L. J. 2016, A&A, 587, A73,
doi: 10.1051/0004-6361/201527746
Bertoldi, F., Carilli, C., Aravena, M., et al. 2007, ApJS,
172, 132, doi: 10.1086/520511
Bigiel, F., Leroy, A., Walter, F., et al. 2008, AJ, 136, 2846,
doi: 10.1088/0004-6256/136/6/2846
Blain, A. W., Chapman, S. C., Smail, I., & Ivison, R. 2004,
ApJ, 611, 725, doi: 10.1086/422353
Blitz, L., & Rosolowsky, E. 2006, ApJ, 650, 933,
doi: 10.1086/505417
Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A,
51, 207, doi: 10.1146/annurev-astro-082812-140944
Bothwell, M. S., Smail, I., Chapman, S. C., et al. 2013,
MNRAS, 429, 3047, doi: 10.1093/mnras/sts562
Bradley, L., Sipocz, B., Robitaille, T., et al. 2016,
astropy/photutils: v0.3, doi: 10.5281/zenodo.164986.
https://doi.org/10.5281/zenodo.164986
Briggs, D. S. 1995, PhD thesis, New Mexico Institute of
Mining and Technology
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000,
doi: 10.1046/j.1365-8711.2003.06897.x
Bussmann, R. S., Gurwell, M. A., Fu, H., et al. 2012, ApJ,
756, 134, doi: 10.1088/0004-637X/756/2/134
Bussmann, R. S., Pe´rez-Fournon, I., Amber, S., et al. 2013,
ApJ, 779, 25, doi: 10.1088/0004-637X/779/1/25
Bussmann, R. S., Riechers, D., Fialkov, A., et al. 2015,
ApJ, 812, 43, doi: 10.1088/0004-637X/812/1/43
Can˜ameras, R., Nesvadba, N. P. H., Guery, D., et al. 2015,
A&A, 581, A105, doi: 10.1051/0004-6361/201425128
Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ,
533, 682, doi: 10.1086/308692
Capak, P. L., Riechers, D., Scoville, N. Z., et al. 2011,
Nature, 470, 233, doi: 10.1038/nature09681
Capak, P. L., Carilli, C., Jones, G., et al. 2015, Nature, 522,
455, doi: 10.1038/nature14500
Carilli, C. L., & Walter, F. 2013, ARA&A, 51, 105,
doi: 10.1146/annurev-astro-082812-140953
Casey, C. M. 2016, ApJ, 824, 36,
doi: 10.3847/0004-637X/824/1/36
Casey, C. M., Narayanan, D., & Cooray, A. 2014, PhR,
541, 45, doi: 10.1016/j.physrep.2014.02.009
Casey, C. M., Cooray, A., Capak, P., et al. 2015, ApJL,
808, L33, doi: 10.1088/2041-8205/808/2/L33
Chabrier, G. 2003, PASP, 115, 763, doi: 10.1086/376392
Chapman, S. C., Blain, A., Ibata, R., et al. 2009, ApJ, 691,
560, doi: 10.1088/0004-637X/691/1/560
Chapman, S. C., Blain, A. W., Smail, I., & Ivison, R. J.
2005, ApJ, 622, 772, doi: 10.1086/428082
Chiang, Y.-K., Overzier, R., & Gebhardt, K. 2013, ApJ,
779, 127, doi: 10.1088/0004-637X/779/2/127
Chiang, Y.-K., Overzier, R. A., Gebhardt, K., & Henriques,
B. 2017, ApJL, 844, L23, doi: 10.3847/2041-8213/aa7e7b
Chiang, Y.-K., Overzier, R. A., Gebhardt, K., et al. 2015,
ApJ, 808, 37, doi: 10.1088/0004-637X/808/1/37
Cimatti, A., Cassata, P., Pozzetti, L., et al. 2008, A&A,
482, 21, doi: 10.1051/0004-6361:20078739
Clements, D. L., Braglia, F. G., Hyde, A. K., et al. 2014,
MNRAS, 439, 1193, doi: 10.1093/mnras/stt2253
Clements, D. L., Braglia, F., Petitpas, G., et al. 2016,
MNRAS, 461, 1719, doi: 10.1093/mnras/stw1224
Coogan, R. T., Daddi, E., Sargent, M. T., et al. 2018,
MNRAS, 479, 703, doi: 10.1093/mnras/sty1446
Cowley, W. I., Lacey, C. G., Baugh, C. M., & Cole, S.
2015, MNRAS, 446, 1784, doi: 10.1093/mnras/stu2179
Cucciati, O., Lemaux, B. C., Zamorani, G., et al. 2018,
A&A, 619, A49, doi: 10.1051/0004-6361/201833655
Daddi, E., Dickinson, M., Morrison, G., et al. 2007, ApJ,
670, 156, doi: 10.1086/521818
Daddi, E., Dannerbauer, H., Stern, D., et al. 2009, ApJ,
694, 1517, doi: 10.1088/0004-637X/694/2/1517
Daddi, E., Bournaud, F., Walter, F., et al. 2010a, ApJ, 713,
686, doi: 10.1088/0004-637X/713/1/686
Daddi, E., Elbaz, D., Walter, F., et al. 2010b, ApJL, 714,
L118, doi: 10.1088/2041-8205/714/1/L118
Daddi, E., Dannerbauer, H., Liu, D., et al. 2015, A&A, 577,
A46, doi: 10.1051/0004-6361/201425043
Daddi, E., Jin, S., Strazzullo, V., et al. 2017, ApJL, 846,
L31, doi: 10.3847/2041-8213/aa8808
Dame, T. M., Hartmann, D., & Thaddeus, P. 2001, ApJ,
547, 792, doi: 10.1086/318388
Dannerbauer, H., Kurk, J. D., De Breuck, C., et al. 2014,
A&A, 570, A55, doi: 10.1051/0004-6361/201423771
Dannerbauer, H., Lehnert, M. D., Emonts, B., et al. 2017,
A&A, 608, A48, doi: 10.1051/0004-6361/201730449
Diener, C., Lilly, S. J., Knobel, C., et al. 2013, ApJ, 765,
109, doi: 10.1088/0004-637X/765/2/109
Diener, C., Lilly, S. J., Ledoux, C., et al. 2015, ApJ, 802,
31, doi: 10.1088/0004-637X/802/1/31
Confirming Herschel candidate protoclusters 23
Donevski, D., Buat, V., Boone, F., et al. 2018, A&A, 614,
A33, doi: 10.1051/0004-6361/201731888
Dowell, C. D., Conley, A., Glenn, J., et al. 2014, ApJ, 780,
75, doi: 10.1088/0004-637X/780/1/75
Downes, D., & Solomon, P. M. 1998, ApJ, 507, 615,
doi: 10.1086/306339
Draine, B. T., & Li, A. 2007, ApJ, 657, 810,
doi: 10.1086/511055
Draine, B. T., Dale, D. A., Bendo, G., et al. 2007, ApJ,
663, 866, doi: 10.1086/518306
Eales, S., Dunne, L., Clements, D., et al. 2010, PASP, 122,
499, doi: 10.1086/653086
Elbaz, D., Daddi, E., Le Borgne, D., et al. 2007, A&A, 468,
33, doi: 10.1051/0004-6361:20077525
Faisst, A. L., Capak, P. L., Yan, L., et al. 2017, ApJ, 847,
21, doi: 10.3847/1538-4357/aa886c
Fu, H., Cooray, A., Feruglio, C., et al. 2013, Nature, 498,
338, doi: 10.1038/nature12184
Geach, J. E., Smail, I., Moran, S. M., et al. 2011, ApJL,
730, L19, doi: 10.1088/2041-8205/730/2/L19
Genzel, R., Tacconi, L. J., Gracia-Carpio, J., et al. 2010,
MNRAS, 407, 2091,
doi: 10.1111/j.1365-2966.2010.16969.x
Genzel, R., Tacconi, L. J., Combes, F., et al. 2012, ApJ,
746, 69, doi: 10.1088/0004-637X/746/1/69
Genzel, R., Tacconi, L. J., Lutz, D., et al. 2015, ApJ, 800,
20, doi: 10.1088/0004-637X/800/1/20
Gobat, R., Daddi, E., Onodera, M., et al. 2011, A&A, 526,
A133, doi: 10.1051/0004-6361/201016084
Go´mez-Guijarro, C., Toft, S., Karim, A., et al. 2018, ApJ,
856, 121, doi: 10.3847/1538-4357/aab206
Greenslade, J., Clements, D. L., Cheng, T., et al. 2018,
MNRAS, 476, 3336, doi: 10.1093/mnras/sty023
Griffin, M. J., Abergel, A., Abreu, A., et al. 2010, A&A,
518, L3, doi: 10.1051/0004-6361/201014519
Groves, B. A., Schinnerer, E., Leroy, A., et al. 2015, ApJ,
799, 96, doi: 10.1088/0004-637X/799/1/96
Hayashi, M., Tadaki, K.-i., Kodama, T., et al. 2018, ApJ,
856, 118, doi: 10.3847/1538-4357/aab3e7
Hayward, C. C., Behroozi, P. S., Somerville, R. S., et al.
2013, MNRAS, 434, 2572, doi: 10.1093/mnras/stt1202
Hayward, C. C., Chapman, S. C., Steidel, C. C., et al. 2018,
MNRAS, 476, 2278, doi: 10.1093/mnras/sty304
Hodge, J. A., Karim, A., Smail, I., et al. 2013, ApJ, 768,
91, doi: 10.1088/0004-637X/768/1/91
Hunter, J. D. 2007, Computing In Science & Engineering,
9, 90, doi: 10.1109/MCSE.2007.55
Ilbert, O., Arnouts, S., McCracken, H. J., et al. 2006, A&A,
457, 841, doi: 10.1051/0004-6361:20065138
Ivison, R. J., Swinbank, A. M., Smail, I., et al. 2013, ApJ,
772, 137, doi: 10.1088/0004-637X/772/2/137
Jarvis, M. J., Bonfield, D. G., Bruce, V. A., et al. 2013,
MNRAS, 428, 1281, doi: 10.1093/mnras/sts118
Kennicutt, Jr., R. C. 1998, ARA&A, 36, 189,
doi: 10.1146/annurev.astro.36.1.189
Kurk, J. D., Ro¨ttgering, H. J. A., Pentericci, L., et al. 2000,
A&A, 358, L1
Lee, K.-G., Hennawi, J. F., White, M., et al. 2016, ApJ,
817, 160, doi: 10.3847/0004-637X/817/2/160
Lee, M. M., Tanaka, I., Kawabe, R., et al. 2017, ApJ, 842,
55, doi: 10.3847/1538-4357/aa74c2
Leroy, A. K., Bolatto, A., Gordon, K., et al. 2011, ApJ,
737, 12, doi: 10.1088/0004-637X/737/1/12
Lonsdale, C. J., Smith, H. E., Rowan-Robinson, M., et al.
2003, PASP, 115, 897, doi: 10.1086/376850
Magdis, G. E., Daddi, E., Be´thermin, M., et al. 2012, ApJ,
760, 6, doi: 10.1088/0004-637X/760/1/6
Magdis, G. E., Rigopoulou, D., Daddi, E., et al. 2017,
A&A, 603, A93, doi: 10.1051/0004-6361/201731037
Magnelli, B., Elbaz, D., Chary, R. R., et al. 2011, A&A,
528, A35, doi: 10.1051/0004-6361/200913941
Martinache, C., Rettura, A., Dole, H., et al. 2018, A&A,
620, A198, doi: 10.1051/0004-6361/201833198
Mauduit, J.-C., Lacy, M., Farrah, D., et al. 2012, PASP,
124, 714, doi: 10.1086/666945
McMullin, J. P., Waters, B., Schiebel, D., Young, W., &
Golap, K. 2007, in Astronomical Society of the Pacific
Conference Series, Vol. 376, Astronomical Data Analysis
Software and Systems XVI, ed. R. A. Shaw, F. Hill, &
D. J. Bell, 127
Miller, T. B., Chapman, S. C., Aravena, M., et al. 2018,
Nature, 556, 469, doi: 10.1038/s41586-018-0025-2
Mun˜oz Arancibia, A. M., Navarrete, F. P., Padilla, N. D.,
et al. 2015, MNRAS, 446, 2291,
doi: 10.1093/mnras/stu2237
Muldrew, S. I., Hatch, N. A., & Cooke, E. A. 2015,
MNRAS, 452, 2528, doi: 10.1093/mnras/stv1449
Narayanan, D., Dave´, R., Johnson, B. D., et al. 2018,
MNRAS, 474, 1718, doi: 10.1093/mnras/stx2860
Negrello, M., Hopwood, R., De Zotti, G., et al. 2010,
Science, 330, 800, doi: 10.1126/science.1193420
Noble, A. G., McDonald, M., Muzzin, A., et al. 2017,
ApJL, 842, L21, doi: 10.3847/2041-8213/aa77f3
Noeske, K. G., Weiner, B. J., Faber, S. M., et al. 2007,
ApJL, 660, L43, doi: 10.1086/517926
Obreschkow, D., Croton, D., De Lucia, G., Khochfar, S., &
Rawlings, S. 2009, ApJ, 698, 1467,
doi: 10.1088/0004-637X/698/2/1467
24 Go´mez-Guijarro et al.
Oliver, S. J., Bock, J., Altieri, B., et al. 2012, MNRAS, 424,
1614, doi: 10.1111/j.1365-2966.2012.20912.x
Oteo, I., Ivison, R. J., Dunne, L., et al. 2018, ApJ, 856, 72,
doi: 10.3847/1538-4357/aaa1f1
Overzier, R. A. 2016, A&A Rv, 24, 14,
doi: 10.1007/s00159-016-0100-3
Papadopoulos, P. P., van der Werf, P., Xilouris, E., Isaak,
K. G., & Gao, Y. 2012a, ApJ, 751, 10,
doi: 10.1088/0004-637X/751/1/10
Papadopoulos, P. P., van der Werf, P. P., Xilouris, E. M.,
et al. 2012b, MNRAS, 426, 2601,
doi: 10.1111/j.1365-2966.2012.21001.x
Pavesi, R., Riechers, D. A., Capak, P. L., et al. 2016, ApJ,
832, 151, doi: 10.3847/0004-637X/832/2/151
Pavesi, R., Riechers, D. A., Sharon, C. E., et al. 2018a,
ApJ, 861, 43, doi: 10.3847/1538-4357/aac6b6
Pavesi, R., Sharon, C. E., Riechers, D. A., et al. 2018b,
ApJ, 864, 49, doi: 10.3847/1538-4357/aacb79
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002,
AJ, 124, 266, doi: 10.1086/340952
Pettini, M., & Pagel, B. E. J. 2004, MNRAS, 348, L59,
doi: 10.1111/j.1365-2966.2004.07591.x
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al.
2016, A&A, 596, A100,
doi: 10.1051/0004-6361/201527206
Popping, G., Puglisi, A., & Norman, C. A. 2017, MNRAS,
472, 2315, doi: 10.1093/mnras/stx2202
Ricciardelli, E., Trujillo, I., Buitrago, F., & Conselice, C. J.
2010, MNRAS, 406, 230,
doi: 10.1111/j.1365-2966.2010.16693.x
Riechers, D. A., Capak, P. L., Carilli, C. L., et al. 2010,
ApJL, 720, L131, doi: 10.1088/2041-8205/720/2/L131
Riechers, D. A., Bradford, C. M., Clements, D. L., et al.
2013, Nature, 496, 329, doi: 10.1038/nature12050
Riechers, D. A., Carilli, C. L., Capak, P. L., et al. 2014,
ApJ, 796, 84, doi: 10.1088/0004-637X/796/2/84
Robitaille, T., & Bressert, E. 2012, APLpy: Astronomical
Plotting Library in Python, Astrophysics Source Code
Library. http://ascl.net/1208.017
Rudnick, G., Hodge, J., Walter, F., et al. 2017, ApJ, 849,
27, doi: 10.3847/1538-4357/aa87b2
Safarzadeh, M., Hayward, C. C., & Ferguson, H. C. 2017,
ApJ, 840, 15, doi: 10.3847/1538-4357/aa6c5b
Sargent, M. T., Daddi, E., Be´thermin, M., et al. 2014, ApJ,
793, 19, doi: 10.1088/0004-637X/793/1/19
Schinnerer, E., Groves, B., Sargent, M. T., et al. 2016, ApJ,
833, 112, doi: 10.3847/1538-4357/833/1/112
Schmidt, M. 1959, ApJ, 129, 243, doi: 10.1086/146614
Schreiber, C., Pannella, M., Elbaz, D., et al. 2015, A&A,
575, A74, doi: 10.1051/0004-6361/201425017
Scoville, N., Aussel, H., Sheth, K., et al. 2014, ApJ, 783, 84,
doi: 10.1088/0004-637X/783/2/84
Scoville, N., Lee, N., Vanden Bout, P., et al. 2017, ApJ,
837, 150, doi: 10.3847/1538-4357/aa61a0
Silva, A., Sajina, A., Lonsdale, C., & Lacy, M. 2015, ApJL,
806, L25, doi: 10.1088/2041-8205/806/2/L25
Smolcˇic´, V., Navarrete, F., Aravena, M., et al. 2012, ApJS,
200, 10, doi: 10.1088/0067-0049/200/1/10
Solomon, P. M., Downes, D., & Radford, S. J. E. 1992,
ApJL, 398, L29, doi: 10.1086/186569
Solomon, P. M., Downes, D., Radford, S. J. E., & Barrett,
J. W. 1997, ApJ, 478, 144, doi: 10.1086/303765
Spitler, L. R., Labbe´, I., Glazebrook, K., et al. 2012, ApJL,
748, L21, doi: 10.1088/2041-8205/748/2/L21
Steidel, C. C., Adelberger, K. L., Dickinson, M., et al. 1998,
ApJ, 492, 428, doi: 10.1086/305073
Strong, A. W., & Mattox, J. R. 1996, A&A, 308, L21
Tacconi, L. J., Genzel, R., Smail, I., et al. 2008, ApJ, 680,
246, doi: 10.1086/587168
Tacconi, L. J., Genzel, R., Neri, R., et al. 2010, Nature,
463, 781, doi: 10.1038/nature08773
Tacconi, L. J., Genzel, R., Saintonge, A., et al. 2018, ApJ,
853, 179, doi: 10.3847/1538-4357/aaa4b4
Toft, S., Smolcˇic´, V., Magnelli, B., et al. 2014, ApJ, 782,
68, doi: 10.1088/0004-637X/782/2/68
Umehata, H., Tamura, Y., Kohno, K., et al. 2015, ApJL,
815, L8, doi: 10.1088/2041-8205/815/1/L8
Valentino, F., Daddi, E., Strazzullo, V., et al. 2015, ApJ,
801, 132, doi: 10.1088/0004-637X/801/2/132
Valentino, F., Daddi, E., Finoguenov, A., et al. 2016, ApJ,
829, 53, doi: 10.3847/0004-637X/829/1/53
Walter, F., Decarli, R., Carilli, C., et al. 2012, Nature, 486,
233, doi: 10.1038/nature11073
Wang, T., Elbaz, D., Daddi, E., et al. 2016, ApJ, 828, 56,
doi: 10.3847/0004-637X/828/1/56
—. 2018, ApJL, 867, L29, doi: 10.3847/2041-8213/aaeb2c
Wardlow, J. L., Cooray, A., De Bernardis, F., et al. 2013,
ApJ, 762, 59, doi: 10.1088/0004-637X/762/1/59
Wardlow, J. L., Simpson, J. M., Smail, I., et al. 2018,
MNRAS, 479, 3879, doi: 10.1093/mnras/sty1526
Yuan, T., Nanayakkara, T., Kacprzak, G. G., et al. 2014,
ApJL, 795, L20, doi: 10.1088/2041-8205/795/1/L20
